Introduction
Alzheimer's disease (AD) is the most prevalent neurodegenerative disease, with an expected tripling by 2050 as a result of an expanding aging population (Hebert et al., 2003) . The limited efficacy of current AD treatment strategies underscores the need for a more complete understanding of AD pathogenesis to identify novel therapeutic targets. The inflammatory response is one component of AD pathogenesis wherein microglia, the innate immune cells of the brain, become highly activated in response to accumulating A␤ peptide species and produce toxic cytokines and reactive oxygen species (Akiyama et al., 2000; Heneka and O'Banion, 2007) . The ultimate role of this chronic inflammatory response remains controversial: activated microglia may be toxic to neurons, but they may also exert beneficial effects, including clearance of toxic molecules, such as A␤ peptide species or generation of trophic and reparative factors (Wyss-Coray, 2006) . Strategies that promote the beneficial phagocytic role of microglia while preventing the transition to a toxic inflammatory response could therefore represent attractive targets for AD prevention or therapy.
In AD model mice, A␤ 42 signaling through Toll-like receptors (TLRs) (Landreth and Reed-Geaghan, 2009 ) drives canonical cytokine and chemokine pathways, such as TNF-␣ (He et al., 2007) , IL12b (Vom Berg et al., 2012) , and CCL3 (Passos et al., 2009 ) that contribute to A␤ 42 -induced neuronal damage and cognitive decline. Although many studies have identified proinflammatory pathways in AD, fewer anti-inflammatory pathways have been identified. Of these, signaling through the fractalkine receptor, CX3CR1, has been most extensively studied Lee et al., 2010) . However, the identification of additional endogenous anti-inflammatory pathways is highly relevant to AD and other neurodegenerative diseases characterized by nonresolving and toxic inflammatory responses.
To this end, we have sought to clarify the role of prostaglandin-E 2 (PGE 2 ), a pivotal immune signaling molecule and a primary target of NSAIDs, in models of A␤ 42 toxicity. We and others have found so far that three of the four G-protein coupled receptors for PGE 2 (the EP1, EP2, and EP3 receptors) exert proinflammatory and/or proamyloidogenic effects in AD mouse models Shi et al., 2012; Zhen et al., 2012) . In contrast, we recently identified a striking anti-inflammatory role for the microglial EP4 receptor in a model of lipopolysaccharide (LPS)-induced innate immunity (Shi et al., 2010) . Given this finding, we asked whether the EP4 receptor could be a protective target in models of AD.
Here we report anti-inflammatory effects of microglial EP4 receptor signaling in cultured microglia and in the APP-PS1 mouse model of AD. EP4 signaling broadly suppresses the activation of target genes for NF-B and interferon regulatory factors (IRFs), transcription factors that are central regulators of the microglial response to A␤ 42 . Moreover, we find that EP4 signaling potentiates phagocytosis of A␤ 42 by microglia. In vivo, in APP-PS1 mice lacking microglial EP4, we find a converse upregulation of inflammatory gene expression, oxidative stress, and amyloid accumulation at early stages of pathology. Our findings identify EP4 receptor signaling as a novel anti-inflammatory pathway in models of AD neuroinflammation.
Materials and Methods
Materials. A␤ 42 was obtained from rPeptide and prepared in oligomeric form as described previously . Briefly, HFIP-prepared A␤ 42 was resuspended in DMSO (0.1 mg in 10 l) followed by 1:10 dilution in Ham's F12 culture medium (Mediatech) at 4C for 24 h before use. This stock solution of 222 M (molarity based on original A␤ 42 monomer concentration) was then diluted for cell treatment experiments. The EP4 agonist AE1-329 and the EP4 antagonist AE3-208 were generous gifts from ONO Pharmaceuticals. Their specificity for the EP4 receptor has been established previously (Suzawa et al., 2000; Kabashima et al., 2002) .
Human brain tissue. Temporal and parietal cortex from control, mild cognitive impairment (MCI), and AD patients (Alzheimer's Disease Research Center, University of Washington, Seattle) was derived from subjects 79 -88 years of age with a postmortem delay of 2.5-8 h.
Animals. This study was conducted in accordance with National Institutes of Health guidelines, and protocols were approved by the Institutional Animal Care and Use Committee at Stanford University. C57BL/6J EP4 lox/lox mice (Schneider et al., 2004) were kindly provided by Drs. Richard and Matthew Breyer (Vanderbilt University School of Medicine, Nashville). C57BL/6J Cd11b-Cre mice (Boillée et al., 2006) were kindly provided by Dr. G. Kollias (Alexander Fleming Biomedical Sciences Research Center, Vari, Greece) and Dr. Donald Cleveland (University of California San Diego). APP Swe -PS1 ⌬E9 mice (APP-PS1) (Jankowsky et al., 2001) were kindly provided by Dr. David Borchelt and backcrossed to a C57BL/6J background for n Ͼ 12 generations. APP-PS1 or CD11bCre mice were serially crossed to EP4 lox/lox mice to produce APP-PS1;EP4 lox/lox and CD11bCre;EP4 lox/lox mice. These mice were interbred, as were APP-PS1;EP4 ϩ/ϩ and CD11bCre;EP4 ϩ/ϩ mice, to produce the APP-PS1;EP4-WT and APP-PS1;EP4-cKO mice used in this study. The female mice used for this study were aged to 5 months before being transcardially perfused with cold saline. One brain hemisphere was postfixed in 4% PFA for 24 h for use in immunohistochemistry; the other hemisphere was dissected and frozen for qPCR and levuglandin analysis.
Primary microglia isolation. Primary microglia were isolated from the brains of postnatal day 7 C57BL/6J mouse pups obtained from Charles River Laboratories. Primary microglia were isolated using the Neural Tissue Dissociation Kit (P), MACS Separation Columns (LS), and magnetic CD11b Microbeads from Miltenyi Biotec. Microglia were grown in culture for 3-5 days before being treated in each experiment.
Cell culture. Primary microglia and murine immortalized microglial BV-2 cells were grown in DMEM supplemented with 10% heatinactivated FBS (HyClone) and 100 U/ml each penicillin and streptomycin. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Immunocytochemistry. Primary mouse microglia were plated on poly-L-lysine-coated coverslips and fixed with 4% PFA after 5 d in culture.
Immunocytochemistry for mouse EP4 was performed using a chicken antibody directed against the mouse EP4 receptor (1:500), described and validated in , and a rat monoclonal antibody directed against mouse CD11b (1:500, AbD Serotec). Fluorescently labeled secondary antibodies were obtained from Jackson ImmunoResearch Laboratories. Chicken serum (Jackson ImmunoResearch Laboratories) was used as a negative control in place of the primary EP4 receptor antibody. Images were acquired using a Leica DM5500 Q confocal microscope (Leica Microsystems).
qPCR. RNA isolation, cDNA production, and SYBR-Green based qPCR (QuantiTect SYBR Green Kit, QIAGEN) were performed as described in detail previously (Shi et al., 2010) using the standard curve method and normalizing to 18S and GAPDH. Melting curve analysis confirmed the specificity of each reaction. Samples without reverse transcription served as negative controls. Primers were designed by PrimerQuest (Integrated DNA Technologies) or PrimerBank (Spandidos et al., 2010) and synthesized by Integrated DNA Technologies. Primer sequences were as follows: 18S: CGGCTACCACATCCAAGGAA and GCTGGAATTACCGCGGCT; CCL3: ATACAAGCAGCAGCGAGTAC-CAGT and AATCTTCCGGCTGTAGGAGAAGCA; COX-2: TGCAA- Figure 1 . EP4 receptor signaling reverses the inflammatory response to A␤ 42 in primary microglia. A, Immunostaining in primary cultured mouse microglia demonstrates expression of EP4 receptor (green) in CD11b-positive (red) cells. Nuclei were stained with Hoechst (blue). No signal was observed with immunoglobulin control for the EP4 receptor antibody (bottom). B-E, Primary microglia were cotreated for 6 h with oligomeric A␤ 42 (10 M), the EP4 agonist AE1-329 (100 nM), or the EP4 antagonist AE3-208 (100 nM). B, qRT-PCR demonstrates that EP4 agonist (blue) attenuates expression of the oxidative enzymes iNOS and COX-2 in response to A␤ 42 . C, qRT-PCR demonstrates that EP4 stimulation attenuates expression of the cytokines TNF-␣ and IL12b, and the chemokine CCL3, in response to A␤ 42 . D, Supernatant ELISA demonstrates that EP4 stimulation attenuates levels of secreted TNF-␣ and CCL3 in response to A␤ 42 . E, Supernatant ELISA demonstrates that EP4 agonist treatment attenuates, whereas EP4 antagonist treatment (red bars) potentiates, the levels of secreted CCL3. For each experiment, n ϭ 3 microglia isolations from independent mouse cohorts. *p Ͻ 0.05 (Bonferroni multiple comparison test). **p Ͻ 0.01 (Bonferroni multiple comparison test). ***p Ͻ 0.001 by (Bonferroni multiple comparison test). ACGCCTTTTG; GAPDH:TGCACCACCA  ACTGCTTAG and GATGCAGGGATGAT  GTTC; Il12b: TGGTTTGCCATCGTTTTG  CTG and ACAGGTGAGGTTCACTGTTTCT;  iNOS: TGACGGCAAACATGACTTCAG and  GCCATCGGGCATCTGGTA; IRF1: GGC-CGATACAAAGCAGGAGAA and GGAGTTC  ATGGCACAACGGA; IRF7: CCCCAGCCGG  TGATCTTTC and CACAGTGACGGTCCT  CGAAG; Nur77: TGCACAGCTTGGGTGTT  GATGTTC and TGTGCTCCTTCAGACAGC  TAGCAA; Nurr1: TCTGCGCTTAGCATAC  AGGTCCAA and CAGCAATGCAGGAGAA  GGCAGAAA; and TNF-␣: TCATTCCTGCTT GTGGCAGGGG and GTGGTTTGCTA CGACGTGGGCT.
GATCCACAGCCTACC and GCTCAGTTGA
Cell viability quantification. Primary microglia were plated and treated with oligomeric A␤ 42 or vehicle for 24 h before addition of 200 g/ml Trypan Blue (Invitrogen). The ratio of trypan blue-negative cells to the total number of cells counted (Ͼ300 cells counted per condition) was calculated as a measure of cell viability.
Cytokine and chemokine ELISA. ELISA assays for mouse TNF-␣ and CCL3 (R&D Systems) were performed as detailed in the manufacturer's protocol and quantified using a SpectraMax M5 plate reader (Molecular Devices).
Phagocytosis of FITC-A␤. Cells were pretreated for 3 h with the indicated concentrations of EP4 agonist or Cytochalasin D (Cell Biolabs) before addition of fluorescent A␤. FITC-labeled A␤ 42 (rPeptide) was prepared as described previously (Shie et al., 2005a) before being added to cells at a final concentration of 1 M. After 1, 6, or 24 h of incubation, cells were washed with PBS followed by addition of 200 g/ml Trypan Blue (Invitrogen) to quench extracellular fluorescence. Intracellular fluorescence was then assayed using a SpectraMax M5 plate reader (Molecular Devices). Background signal from wells with no plated cells was subtracted from all experimental values.
Microarray analysis. RNA from primary microglia was isolated using Trizol (Invitrogen) followed by the RNeasy Mini Kit (QIAGEN). RNA quality was assessed using a BioAnalyzer (Agilent) and determined to be sufficient for microarray analysis (RNA Integrity Number Ͼ 9.9 for all samples). cDNA synthesis, labeling, hybridization, and scanning were performed by the Stanford Protein and Nucleic Acid (PAN) Facility using GeneChip Mouse Gene 1.0 ST arrays (Affymetrix). Microarray data were statistically analyzed using Partek software (Partek) to identify differentially expressed genes and for unsupervised clustering to create the heat map of EP4/A␤-responsive genes. Data have been deposited in the Gene Expression Omnibus, accession number GSE55627. DAVID functional annotation software (National Institute of Allergy and Infectious Diseases, National Institutes of Health) (Huang da et al., 2009 ) was used to identify KEGG molecular pathways significantly over-represented among the lists of differentially expressed genes. Ingenuity Pathway Analysis (Ingenuity Systems) was used to identify transcription factor pathways over-represented among the genes differentially expressed by A␤ 42 and EP4 agonist treatment. Gene Set Enrichment Analysis (GSEA) software from the Broad Institute (Subramanian et al., 2005) Quantification of A␤ plaque density. Immunostaining for A␤ plaques using the 6E10 antibody (Covance) and staining for dense-core plaques using Congo Red (Sigma) were performed as previously described . Briefly, every sixth section (40 m) through the hippocampus was stained and imaged (n ϭ 10 sections per mouse). Images were quantified for the area above threshold in the region of interest (hippocampus) using Volocity 5.1 software (PerkinElmer).
Immunohistochemistry in human tissue. Sections from parietal cortex (Alzheimer's Disease Research Center, University of Washington, Seattle) were first treated with citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) to retrieve antigens for staining. Sections were then sequentially immunostained, first for EP4 with a rabbit antibody directed against human EP4 (1:200, Cayman Chemical) and developed with DAB (Polysciences), then for A␤ using the mouse monoclonal antibody 6E10 (1:1000, Covance) and developed with VIP solution (Vector Laboratories). Biotinylated secondary antibodies (Vector Laboratories) were used at a dilution of 1:250. The M.O.M. kit (Vector Laboratories) was used to reduce background staining with the mouse antibody. Rabbit and mouse sera (Jackson ImmunoResearch Laboratories) were used as negative controls in place of primary antibodies on adjacent sections.
Western blot. Western blot was performed and quantified as previously described (Shi et al., 2010 (Shi et al., , 2012 . Briefly, BV2 cell lysates were made using cell lysis buffer (Cell Signaling Technology) supplemented with protease inhibitors (Roche) and phosphatase inhibitor mixture (Sigma). Lysates were run on NuPAGE 4 -12% polyacrylamide gels (Invitrogen) and transferred to PVDF membranes. In vitro studies used a rabbit monoclonal antibody for phospho-STAT1 (Tyr701, Clone D4A7, A, BV2 microglial cells were cotreated with oligomeric A␤ 42 (5 M) or the EP4 agonist AE1-329 (100 nM) for 6 h. qRT-PCR demonstrates that EP4 receptor stimulation attenuates the expression of the cytokine TNF-␣ and the chemokine CCL3 in response to A␤ 42 . n ϭ 5 or 6 independent samples per group. **p Ͻ 0.01 (Bonferroni multiple comparison test). B-E, BV2 microglial cells were pretreated for 3 h with the EP4 agonist AE1-329, PGE 2 , or the phagocytosis inhibitor cytochalasin-D before addition of FITC-labeled A␤ (1 M) for the indicated times. B, Images of BV2 cells immunostained for CD11b (white) and nuclei (Hoechst, blue) demonstrate that pretreatment with EP4 agonist (3 h, 100 nM) increases uptake of FITC-A␤ 42 (6 h, internalized A␤ indicated with arrows). C, EP4 agonist pretreatment dose-dependently increases intracellular FITC-A␤ 42 levels after either 1 or 6 h of FITC-A␤ 42 incubation. n ϭ 12 (1 h) or 7 (6 h) samples per group. p (one-way ANOVA). *p Ͻ 0.05, versus vehicle treatment (Dunnett's post test). **p Ͻ 0.01, versus vehicle treatment (Dunnett's post test). ***p Ͻ 0.001, versus vehicle treatment (Dunnett's post test). D, EP4 agonist (100 nM) treatment increases, whereas PGE 2 (100 nM) treatment decreases, intracellular FITC-A␤ 42 levels after 6 h. E, Cytochalasin-D (CyD, 2 M) decreases intracellular FITC-A␤ 42 levels after 6 h. D, E, n ϭ 7 or 8 samples per group. *p Ͻ 0.05, versus vehicle treatment (unpaired t test). ***p Ͻ 0.001, versus vehicle treatment (unpaired t test).
1:1000; Cell Signaling Technology) and a rabbit polyclonal antibody for total-STAT1 (1:1000, #9172; Cell Signaling Technology). Quantitative Western blots of synaptic proteins were performed as previously described (Shi et al., 2012) with normalization to either tubulin or actin. Western blot from human temporal cortex lysates was performed using a rabbit polyclonal antibody directed against human EP4 (1:500; Cayman Chemical). A mouse monoclonal antibody directed against ␤ actin (1: 10,000; Sigma) served as a loading control.
Statistical analysis. Data are expressed as mean Ϯ SEM. Comparisons were made using Student's t test (for two groups), one-way ANOVA with Dunnett's post test (for more than two groups across one variable, with post test comparisons to the control group), or two-way ANOVA with Bonferroni multiple comparisons (for groups across two variables, with post test comparisons between individual groups). All comparison tests were two-tailed. Results with p Ͻ 0.05 were considered significant. 42 We first confirmed that primary mouse microglia express the EP4 receptor using an antibody specific for the mouse peptide sequence (Fig. 1A) , consistent with our previous studies identifying microglial expression of the EP4 receptor in mouse brain (Shi et al., 2010) . To assess the effect of EP4 receptor signaling on A␤ 42 -induced inflammation, we established an in vitro model of primary mouse microglia stimulated with oligomeric A␤ 42 ; oligomeric A␤ 42 constitutes a highly pathologic A␤ peptide species that induces synaptic and neuronal injury and cognitive decline in models of AD (Lesné et al., 2006) . We prepared oligomeric A␤ 42 according to methods previously validated by atomic force microscopy and found that this preparation at a dose of 10 M induced a robust inflammatory transcriptional response in microglia ( Fig.  1B-E ). This inflammatory response was not associated with cell death, as we detected no increase in cell death among primary microglia treated with oligomeric A␤ 42 for 24 h (94.3 Ϯ 0.7% live cells for vehicle, 95.4 Ϯ 0.9% live cells for 10 M A␤ 42 , n ϭ 9 samples per group, p ϭ 0.38). Notably, similar concentrations of A␤ 42 (10 -12 M) have previously been established for acute induction of inflammatory and neurotoxic responses in primary murine microglia (Shie et al., 2005a; Halle et al., 2008) .
Results

EP4 receptor signaling attenuates the microglial inflammatory response to A␤
To test the effect of EP4 receptor signaling on A␤ 42 -mediated inflammatory responses, we cotreated primary microglia with oligomeric A␤ 42 and the EP4-receptor-specific agonist AE1-329 (Suzawa et al., 2000) . We found that EP4 receptor stimulation significantly attenuated mRNA levels for inflammatory genes, including the oxidative enzymes iNOS and COX-2 (Fig. 1B) , the cytokines TNF-␣ and IL12b, and the chemokine CCL3 (Fig. 1C) . ELISA quantification demonstrated that EP4 receptor signaling reduced the A␤ 42 -induced secretion of TNF-␣ and CCL3 proteins from microglia (Fig. 1D ). We next asked whether EP4 receptor signaling is not only sufficient but also necessary in suppressing the inflammatory response to A␤ 42 . Although we were unable to culture and assess EP4 knock-out microglia because of the perinatal lethality of the EP4 Ϫ/Ϫ genotype in the C57B6 background (Nguyen et al., 1997), we used a pharmacological approach to inhibit the EP4 receptor. We found that the selective EP4 receptor antagonist AE3-208 (Kabashima et al., 2002) increased CCL3 secretion in A␤ 42 -treated microglia and reversed the effect of the agonist (Fig. 1E) . In parallel, we tested the effect of EP4 receptor signaling in BV-2 immortalized murine microglial cells; here we found a similar attenuation of A␤ 42 -induced inflammatory responses ( Fig. 2A) . Together, these results identify a potent action of EP4 receptor signaling to suppress A␤ 42 -induced production of inflammatory factors by microglia.
EP4 receptor signaling potentiates phagocytosis of A␤
Previous studies have found that inflammatory cytokines such as TNF-␣ reduce the ability of microglia to effectively phagocytose and clear A␤ (El Khoury et al., 2003; Hickman et al., 2008) . To determine whether the anti-inflammatory role we observed for EP4 receptor signaling was conversely associated with increased phagocytosis, we assessed the ability of BV2 microglial cells to phagocytose FITC-labeled A␤ 42 after stimulation with EP4 agonist (Fig. 2B) . We observed a dose-dependent increase in intracellular FITC-A␤ 42 levels with EP4 agonist treatment (Fig. 2C) . Notably, this observed increase in phagocytosis with EP4 receptor stimulation is in contrast to the decreased phagocytosis previously demonstrated for PGE 2 signaling through the EP2 receptor in macrophages and microglia (Aronoff et al., 2004; Shie et al., 2005a) . To determine the overall effect of PGE 2 on FITC-A␤ 42 phagocytosis, we treated BV2 cells with PGE 2 and observed a significant decrease in intracellular FITC-A␤ 42 signal (Fig. 2D) , consistent with previous studies. This finding suggests that, while the overall effect of PGE 2 is to decrease phagocytosis, differential signaling through EP4 or EP2 receptors may modulate this effect. As an important control for our assays, we found that Cytochalasin-D, an established inhibitor of phagocytosis, also significantly reduced the intracellular FITC-A␤ 42 signal (Fig. 2E) . We next attempted to confirm these findings in primary microglia; however, even after 24 h of incubation with FITC-A␤ 42 , intracellular FITC-A␤ 42 levels remained undetectably low in primary microglia (7.62 Ϯ 0.93 arbitrary fluorescence units in pri- (Fig. 3A) . Unsupervised hierarchical clustering based on the expression of the 92 genes regulated in A␤ 42 ϩEP4 agonist versus A␤ 42 ϩVeh revealed a striking distinction among treatment groups: many A␤ 42 -upregulated transcripts were decreased in expression with EP4 agonist cotreatment, and many A␤ 42 -downregulated transcripts were conversely increased in expression with EP4 agonist cotreatment (Fig. 3B ).
To better understand the nature of the genes regulated in opposite directions by A␤ 42 and EP4 agonist, we narrowed our list of 597 A␤ 42 -responsive transcripts to those in which the EP4 agonist reversed the A␤ 42 effect by Ͼ1.5-fold (116 transcripts, Table 1 ). Although the stringent cutoffs for this list excluded several of the candidate inflammatory genes we had previously examined (all of which showed the same direction of change between our qPCR and microarray studies), we aimed here to use an unbiased approach to uncover mechanisms underlying the microglial response to A␤ 42 . DAVID functional annotation analysis (Huang da et al., 2009) of these 116 transcripts, as well as the original list of 597 A␤ 42 responsive transcripts, demonstrated several significantly over-represented KEGG pathways, all of which corresponded to inflammatory signaling networks (Fig.  3C ). These included microglial pathways previously associated with A␤ 42 , including TLR, cytokine, and chemokine signaling; interestingly, this analysis also identified several transcriptional pathways that have been less well characterized in the response to A␤ 42 , including nod-like receptor, RIG-1-like receptor, and cytosolic DNA-sensing pathways characterized primarily for their role in the interferon-mediated antiviral immune response. The transcripts included in the most significantly over-represented KEGG pathways encoded cytokines, chemokines, growth factors, membrane receptors, and transcription factors (Fig. 3D) , suggesting that EP4 receptor signaling antagonizes the inflammatory response to A␤ 42 at multiple levels.
We next asked which transcription factors could mediate the antagonistic effects of A␤ 42 and EP4 receptor signaling on the microglial inflammatory response. To answer this, we performed Ingenuity Pathway Analysis on the set of 116 differentially expressed transcripts. This analysis identified two transcription factor pathways most significantly over-represented among these transcripts, centering on NF-B (Fig. 4A) and IRF 1 and 7 (Fig.   4B) . A number of studies have previously identified NF-B as a downstream effector of A␤ 42 -mediated inflammatory effects in microglia, through A␤ 42 binding to TLR2, TLR4, and the RAGE (for review, see Landreth and Reed-Geaghan, 2009; Glass et al., 2010) . The IRF family of transcription factors has been most well characterized in the antiviral immune response, where tight regulation of IRF expression and activity control the transcription of Type I interferons (for review, see Honda et al., 2006) . IRF transcriptional activity, however, has been less well characterized in the inflammatory response to A␤ 42 . To confirm this finding by an independent analysis, we performed GSEA (Subramanian et al., 2005) to compare our array samples with gene sets enriched for different transcription factor binding sites in their promoters. Microglia treated with A␤ 42 were highly enriched for gene expression from several transcription factor sets, including sets representing NF-B and IRF-1 binding sites (normalized enrichment score Ͼ 1.60, nominal p Ͻ 0.0001, FDR q Ͻ 0.05). Moreover, the samples cotreated with EP4 agonist and A␤ 42 were negatively enriched, compared with treatment with A␤ 42 only, for all of these NF-B and IRF-1 target gene sets (Fig. 4C) . Together, these data indicate that positive regulation of IRF and NF-B transcriptional activity by A␤ 42 , and negative regulation by EP4 receptor signaling, may underlie the anti-inflammatory effect of EP4 in microglia.
Although our microarray analysis did not identify any changes in NF-B subunit expression, we identified several EP4-regulated genes whose expression may contribute to the suppression of NF-B activity. In particular, the anti-inflammatory nuclear receptors Nurr1 (gene name Nr4a2) and Nur77 (gene name Nr4a1) were significantly increased by EP4 agonist treatment (Fig. 4D) . Notably, A␤ 42 significantly suppressed overall expression for both Nurr1 and Nur77 (F (1, 8) ϭ 159.2, p Ͻ 0.0001 for Nurr1 and F (1, 8) ϭ 6.48, p ϭ 0.0344 for Nur77 effects of A␤ 42 treatment). Previous studies have demonstrated that Nurr1 directly binds to NF-B on inflammatory gene promoters and, by recruitment of an inhibitory CoREST complex, clears NF-B from the promoters and thereby represses target gene expression (Saijo et al., 2009 ). Similarly, Nur77 overexpression reduces, whereas Nur77 deletion enhances, the expression of NF-B targets in inflammatory macrophages (Saijo et al., 2009; Hanna et al., 2012) . These results suggest that EP4 receptor signaling can regulate NF-B activity through the expression of anti-inflammatory nuclear receptors, adding to previously published mechanisms in which EP4 suppresses NF-B activity through unique EP4 binding partners that retain NF-B in the cytosol (Minami et al., 2008) or through inhibition of the Akt/IKK/I-B pathway that mediates NF-B nuclear translocation (Shi et al., 2010) .
Unlike our results for NF-B, the microarray results for IRF1 and IRF7 suggested that these transcription factors were themselves transcriptionally modulated by A␤ 42 and EP4 receptor signaling. qPCR from primary microglia confirmed that A␤ 42 treatment increased IRF1 and IRF7 mRNA levels with significant attenuation by EP4 agonist treatment (Fig. 4E) . Previous findings have established that IRF7 expression can be maintained by a positive feedback loop: Type I interferons signal through their receptor to phosphorylate STAT1, which then translocates to the nucleus to promote the expression of the Irf7 gene and the resulting expression of Type I interferons (Marié et al., 1998; . To test whether this pathway is active in the microglial responses to A␤ 42 and EP4, we performed Western blots from BV2 microglial cells and found that levels of phosphorylated STAT1 were highly increased by A␤ 42 and significantly attenuated with EP4 agonist cotreatment (Fig. 4F ) . These data suggest that EP4 receptor signaling antagonizes not only the expression of IRF1 and IRF7 but also exerts an anti-inflammatory function by suppressing the positive feedback loop controlling further IRF transcription. Together, these data suggest a mechanism in which A␤ 42 stimulates IRF1/7 and NF-B transcription of inflammatory genes, whereas EP4 receptor signaling, through downregulation of IRF1/7 and upregulation of Nurr1/Nur77, represses the transcription of proinflammatory IRF and NF-B target genes in microglia.
Deletion of microglial EP4 receptor enhances inflammation and amyloid burden in APP-PS1 mice
To test the effect of microglial EP4 receptor signaling in vivo in a model of AD, we turned to a conditional knock-out approach to delete EP4 in microglia. We used mice carrying the EP4 lox allele (Schneider et al., 2004) to generate CD11bCre;EP4 ϩ/ϩ and CD11bCre;EP4 lox/lox mice in which the EP4 receptor is selectively deleted in cells of the monocytic lineage, including microglia. By crossing these mice to APP Swe -PS1 ⌬E9 (APP-PS1) AD model mice, we generated APP-PS1mice of four genotypes: APP-PS1; EP4 ϩ/ϩ , APP-PS1;EP4 lox/lox , APP-PS1;CD11bCre;EP4 ϩ/ϩ , and APP-PS1;CD11bCre;EP4 lox/lox . The first three of these APP-PS1 genotypes have functional EP4 receptor signaling in microglia, and demonstrated no significant differences among them for all assays tested. Therefore, we considered these genotypes as APP-PS1;EP4 wild-type (APPS;EP4-WT) and compared mice from this group to APP-PS1;CD11bCre;EP4 lox/lox mice (APPS; EP4cKO) and to nontransgenic controls (Fig. 5) .
Because EP4 receptor activation was prominently antiinflammatory in cultured microglia in response to acute stimulation with A␤ 42 oligomers, we hypothesized that the inflammatory and oxidative responses might be exacerbated in aging APP-PS1 mice with conditional deletion of EP4 in microglia. The temporal course and the magnitude of the inflammatory response are quite different between acute A␤ 42 stimulation of microglial cells in vitro (Figs. 123-4 ) and the more chronic evolving inflammatory response to A␤ 42 generation in transgenic APP-PS1 mice. However, qPCR of hippocampal mRNA demonstrated modest increases in expression of selected inflammatory proteins, including CCL3 and IL1␤ in 5 month female APPS:EP4-cKO mice, an effect that disappeared in older 9 month male APPS: EP4-cKO cohorts (Fig. 5 A, B) . Our previous studies indicate no differences in levels of inflammation and A␤ peptide levels between male and female genders at 5 months in this model, which coincides with the onset of A␤ plaque deposition (data not shown). The disappearance at 9 months of differences between the inflammatory profiles of APPS-WT and APPS-EP4cKO may occur because of a ceiling effect in older APP-PS1 mice where the inflammatory responses are much greater, and where further increases in inflammation from EP4 microglial deletion may be difficult to detect.
Inflammatory genes that were highly regulated in vitro, including iNOS, TNF-␣, COX-2, IRF1, and IRF7, were not differentially regulated in whole hippocampus at either age between nontransgenic and APP-PS1 mice, or between APPS-WT and APPS;EP4cKO mice (data not shown). However, levels of oxidative protein modification were significantly increased early at 5 months in APPS:EP4-cKO mice compared with both nontransgenic and APPS-WT mice, but this effect was not seen at 9 months of age. Here, we examined the generation of a class of reactive aldehydes, the ␥-ketoaldehydes, that are formed through nonenzymatic lipid peroxidation by reactive oxygen species and through enzymatic COX-2 activity, two processes active during inflammation. The aldehyde moiety of ␥-ketoaldehydes readily reacts with the -amine of lysines, resulting in the covalent addition of a hydrophobic aldehyde to proteins that can be measured as lysyl-lactams by LC/ESI/MS/MS. Lactam levels, a highly sensitive readout of inflammatory oxidative protein injury, are elevated in the hippocampus of AD patients (Zagol-Ikapitte et al., 2005) and increase the toxicity of A␤ 42 in cultured neurons (Boutaud et al., 2006) . We found that young but not older EP4-cKO mice had elevated lactam adduct levels in cerebral cortex (Fig. 5B) , indicative of heightened protein damage by reactive aldehydes.
Because our previous data showed that EP4 receptor signaling increased phagocytosis of A␤ 42 , we next tested whether deletion of the microglial EP4 receptor would lead to enhanced A␤ peptide deposition in APP-PS1 mice. ELISA of cortical extracts demonstrated that APPS;EP4-cKO mice had elevated levels of both A␤ 42 and A␤ 40 at 5 months, but this effect disappeared by 9 months of age (Fig. 5C,D) , a pattern similar to that observed for inflammatory gene expression and lipid peroxidation. Additional confirmation of increased A␤ accumulation in 5 month APPS-WT and APPS-EP4cKO mice was performed ( Fig. 5E-H ) . Here, amyloid plaque quantification by both 6E10 immunostaining for total A␤ (Fig. 5 E, F ) and Congo Red staining for the ␤-pleated sheets of dense-core amyloid plaques (Fig. 5G,H ) demonstrated a significant increase in amyloid deposition in hippocampus of 5 month EP4-cKO mice (1.76-fold for 6E10; 2.14-fold for Congo Red; Fig. 5G ). Similar results were obtained in cerebral cortex (Fig. 5H ) .
Because inflammatory and oxidative stress can impact on synaptic viability, we assayed candidate presynaptic and postsynaptic markers in 5 month and 9 month cerebral cortex and tested whether deletion of anti-inflammatory EP4 signaling may impact on levels of synaptic proteins. Quantitative Western analysis of presynaptic proteins synaptophysin, synapsin 1, and SNAP-25 did not show differences between genotypes at either age, but the postsynaptic marker PSD-95 was significantly reduced at both ages in APPS-EP4cKO compared with APPS-WT cohorts (Fig.  5 I, J ) . Together, these findings demonstrate in vivo that microglial EP4 signaling reduces oxidative inflammation and limits A␤ deposition early at 5 months in the APP-PS1 model of AD, but this effect is lost at the later age of 9 months; loss of the postsynaptic marker PSD-95, however, appears sustained with increasing age.
EP4 receptor protein levels are reduced in the brains of AD patients
To assess the potential clinical relevance of EP4 receptor signaling in the progression of AD, the cellular expression pattern of the EP4 receptor was examined by immunohistochemistry in cortical sections from AD, MCI, and age-matched control patients (Fig.  6A-D) . Control cortex demonstrated high levels of EP4 receptor staining in cells with both neuronal and glial morphology, including small cells resembling microglia (Fig. 6A) . The overall level of EP4 receptor staining was reduced in MCI and AD patients, most strikingly in neurons (Fig. 6 B, C) . This is especially interesting in light of recent in vivo studies identifying neuronal EP4 receptor signaling as a protective pathway in models of cerebral ischemia . In both MCI and AD patients, we observed EP4-receptor-positive cells with microglial morphology adjacent to A␤ plaques (Fig. 6 B, C) . To quantify the levels of EP4 receptor in human brain, we performed Western blot on temporal cortex lysates from AD, MCI, and age-matched control patients and found a significant reduction in EP4 receptor levels in both the MCI and AD patient samples compared with controls ( Fig. 6 E, F ) , reflecting potentially a combined loss of neuronal and glial EP4 receptor. Notably, this decrease in EP4 expression is in the opposite direction from the increase in the proinflammatory EP3 receptor expression observed in both human AD cortex and in APP-PS1 mouse hippocampus (Shi et al., 2012) . To determine whether EP4 receptor expression is modulated similarly in APP-PS1 mice as it is in human AD brain, we assessed EP4 mRNA expression levels by qPCR from the hippocampus of 12 month APP-PS1 mice. Here, we found no difference in EP4 expression between WT and APP-PS1 mice (1.00 Ϯ 0.20, n ϭ 6; vs 1.06 Ϯ 0.14, n ϭ 5; p ϭ 0.82 by unpaired t test). This divergence between human AD and the APP-PS1 mouse model could be reflective of several ways in which mouse models of AD fail to recapitulate the full human disease. For instance, mouse AD models generally exhibit little or no neuronal loss, whereas human AD is characterized by progressive and extensive neuronal loss. In light of this, the observed decrease of EP4 receptor levels in MCI and AD brain could be reflective of either loss of EP4 protein from dying neurons or a shift in EP receptor expression patterns among multiple cell types away from anti-inflammatory EP4 receptor expression and toward proinflammatory EP2 and EP3 receptor expression. Although the precise mechanisms remain unclear for the differential EP receptor expression profiles in MCI and AD, future clinical studies assessing expression patterns among different cell types in AD brain may shed light on these pathways in disease pathogenesis.
Discussion
Our findings identify EP4 receptor signaling in microglia as a potent suppressor of the inflammatory response to immunogenic A␤ 42 oligomers. Using both in vitro and in vivo approaches, we demonstrate that EP4 receptor stimulation attenuates, whereas microglial EP4 receptor deletion enhances, the oxidative and cytokine/ chemokine responses to A␤ 42 . Our studies suggest a model by which EP4 receptor signaling and A␤ 42 exert opposing effects on microglia. Whereas A␤ 42 induces expression of transcripts associated with NF-B, IRF1, and IRF7 networks, EP4 receptor signaling suppresses these effects and may stimulate phagocytosis of A␤ 42 . When EP4 receptor signaling is inhibited or absent, A␤ 42 -induced inflammatory responses are enhanced, with additional amplification through the previously reported positive feedback cycle of COX-2 expression, PGE 2 production, and proinflammatory signaling through the EP2 and EP3 receptors (Shie et al., 2005a (Shie et al., , b, 2012 . Our results suggest that EP4 receptor signaling suppresses and interrupts this feedforward inflammatory loop, and they establish a mechanism by which one ligand, PGE 2 , may exert opposing receptor stimulation increases expression of Nurr1 and Nur77, two nuclear receptors that repress NF-B activity. E, qRT-PCR confirms that EP4 receptor stimulation attenuates expression of IRF1 and IRF7 in response to A␤ 42 . For each experiment, n ϭ 3 microglia isolations from independent mouse cohorts. *p Ͻ 0.05 (Bonferroni multiple comparison test). **p Ͻ 0.01 (Bonferroni multiple comparison test). ***p Ͻ 0.001 (Bonferroni multiple comparison test). F, Western blot from BV2 microglial cells cotreated for 8 h with A␤ 42 -(10 M) and/or the EP4 agonist AE1-329 (100 nM) demonstrates that A␤ 42 increases both total and Tyr701-phosphorylated STAT1 levels, whereas EP4 agonist treatment attenuates phospho-STAT1 levels without altering total STAT1 protein level. n ϭ 6 independent samples per group. ***p Ͻ 0.001 (Bonferroni multiple comparison test). ns, p Ͼ 0.05 (Bonferroni multiple comparison test).
effects on microglia depending on the EP receptor subtype(s) expressed and activated (Fig. 7) .
Although our findings point to a broad immunosuppressive function of EP4 signaling in A␤ 42 models of neuroinflammation, it is important to note several limitations inherent in the models we tested. In purified primary microglia, EP4 signaling elicited a profound anti-inflammatory effect in response to acute stimulation with A␤ 42 oligomers; in vivo, we observed a more muted effect on inflammatory gene expression in whole hippocampi of 5 month cohorts that disappeared at later stages of pathology in 9 month cohorts. This contrast could be the result of several factors, most importantly differences between an acute in vitro response to A␤ 42 treatment in a purified microglial population versus a chronic in vivo response in whole hippocampus to low-level transgenic overexpression of A␤ for several months. A potentially more sensitive in vivo readout, namely, measurement of lysyllactam adducts formed from the reaction of ␥-ketoaldehydes with proteins, supports the anti-inflammatory role for the EP4 receptor in APP-PS1 mice. Lactam adducts are permanent and covalent modifications of proteins; thus, lactam levels represent a cumulative index of protein oxidative injury. Similarly, the sustained loss of the postsynaptic marker PSD-95 in both young and older APPS-EP4-cKO cohorts may be similarly indicative of cumulative synaptic injury. In vivo, the parallel increases in inflammatory gene expression, lysine adducts, and A␤ peptides in APPS-EP4cKO mice early at 5 months, but not at later stages at 9 months, suggests an early and beneficial effect of EP4 signaling at the onset of A␤ peptide accumulation that targets the nascent inflammatory and oxidative responses. The sustained loss of PSD-95 in 9 month APPS-EP4-cKO mice further suggests that this early beneficial effect of EP4 signaling has ramifications at later stages of pathology.
Loss of microglial EP4 early in the progression of pathology in 5 month APPS-PS1 mice increased inflammatory and amyloid pathology. At this stage, there is minimal inflammation and A␤ peptide deposition. However, later at 9 months of age, when amyloid deposition, secondary inflammatory responses, and synaptic injury are well underway in APP-PS1 mice, the effect of cKO of microglia EP4 was less evident. This age dependence in EP4 effect may represent a ceiling effect, whereby eliminating anti-inflammatory EP4 signaling may not significantly alter the already robust inflammatory response; alternatively, it may suggest that microglia, which can change significantly in their inflammatory and phagocytic phenotype with progressive A␤ deposition in mutant APP models (Krabbe et al., 2013) , may not successfully engage the anti-inflammatory EP4 signaling pathway.
The in vitro microarray results are helpful in identifying mechanisms by which the EP4 receptor suppresses A␤ 42 -mediated inflammation, as well as the overall microglial response to oligomeric A␤ 42 . We confirm the well-established role of NF-B Figure 5 . EP4 receptor conditional knock-out in microglia enhances inflammation and amyloid deposition early at 5 months in APP Swe -PS1 ⌬E9 (APPS) mice. Microglial EP4 receptor conditional knock-out (EP4-cKO) 5 month female and 9 month male APPS or nontransgenic (Non-tg) mice were generated using the CD11b-Cre; EP4 lox/lox strategy. A, qRT-PCR from hippocampal RNA demonstrates elevated CCL3 expression in APPS EP4-cKO mice at 5 months but not 9 months, and a trend toward increased IL-1␤ in 5 month APPS-EP4cKO mice. B, LC/ESI/MS/MS analysis of cortical lysates demonstrates elevated ␥-ketoaldehyde adduct levels in young APPS EP4-cKO mice at 5 months. A␤40 (C) and (D) A␤42 ELISAs from guanidine-extracted cerebral cortex demonstrate increased A␤ levels in EP4-cKO mice in 5 month but not 9 month APPS-EP4cKO mice. E, Immunostaining for 6E10-positive A␤ plaques (arrows) and quantification of A␤ plaque area in the hippocampus (F ) demonstrates increased A␤ plaque area and density in APPS EP4-cKO mice at 5 months of age. G, Congo Red staining for plaque cores (white arrows) and quantification of Congo Red-positive area in the hippocampus and cerebral cortex (H ) demonstrates increased dense-core plaque percentage area in APPS EP4-cKO mice (A-H; n ϭ 4 -11 mice per group). *p Ͻ 0.05 (unpaired t test). **p Ͻ 0.01 (unpaired t test). ***p Ͻ 0.0001 (unpaired t test). I, J, Quantitative Western analysis of PSD-95 demonstrates significant decrease in 5 month (n ϭ 4/genotype; p Ͻ 0.05) and in 9 month cohorts (n ϭ 3-5 mice per genotype; ANOVA p ϭ 0.032, post hoc Bonferroni multiple comparison. *p Ͻ 0.05, APP-PS1;Cd11bCre; EP4 ϩ/ϩ versus APP-PS1;Cd11Cre;EP4 lox/lox , with conditional deletion of EP4 in APP-PS1 mice.
in microglia exposed to A␤ 42 (Glass et al., 2010) depletion may contribute to the proinflammatory effect of A␤ 42 and that EP4 signaling may oppose A␤ 42 -induced inflammation by restoring the expression of these nuclear receptors. Notably, this mechanism adds to previously reported mechanisms for EP4 receptor antagonism of NF-B transcriptional activity in models of LPS-induced innate immunity (Minami et al., 2008; Shi et al., 2010) . The second A␤ 42 -associated transcription factor network identified in our microarray centered on IRF1 and/or IRF7 transcription factors and the Type I interferon response. Here, EP4 receptor signaling suppressed A␤ 42 -induced IRF1 and IRF7 transcript levels and the phosphorylation of the relevant transcription factor STAT1. The regulation of IRF7 is particularly interesting, given that this transcription factor has been described as the master regulator of Type I interferon responses to viral infection (Honda et al., 2005) . Although this transcriptional network has not been widely studied in AD, a growing literature suggests that Type I interferons and IRFs are elevated in microglia and astrocytes in diverse models of neurodegeneration including amyotrophic lateral sclerosis , prion disease (Field et al., 2010) , and axonal injury . Although our studies did not detect elevated IRF transcript levels in APP-PS1 mice, future studies of more severe AD models could clarify this finding and more directly connect AD models to the extensive literature on IRF signaling in the innate immune response to viruses and other pathogens.
Quantitative Western analysis and immunocytochemistry demonstrated that levels of EP4 receptor decline significantly with progression from control to MCI and AD states. This suggests that loss of this beneficial anti-inflammatory signaling pathway may contribute to disease acceleration in preclinical development of AD. It is interesting to note that MCI and AD patients show increased expression of the proinflammatory EP3 (Shi et al., 2012) and EP2 receptors in cerebral cortex (J. Johansson, unpublished results). This contrasting expression pattern of inflammatory and anti-inflammatory PGE 2 EP receptors is consistent with a shift away from anti-inflammatory and neuroprotective EP4 receptor expression and toward toxic EP2/3 receptor expression in the brain, even at the earliest stages of cognitive impairment (Fig. 7) . These expression changes likely occur across multiple cell types, as we observed visible decreases in neuronal EP4 receptor staining in MCI and AD brain. Consistent with this, protective effects of the EP4 receptor are exerted through multiple cell types, including neurons and endothelial cells in models cerebral ischemia and excitotoxicity . Importantly, EP4 receptor signaling may also exert detrimental effects in other cell types: for example, internalization of the EP4 receptor has been shown to increase the production of A␤, potentially through its interaction with presenilin-1 (Hoshino et al., 2009) . These results underscore the need to investigate signaling in multiple cell types (e.g., in neurons that produce A␤ and in microglia that mount an inflammatory response to A␤) to gain a more complete understanding of how molecular pathways contribute to complex neurodegenerative diseases. As of yet, mechanisms that regulate the differential expression of EP receptor subtypes among different cell types remain largely unexplored, but our studies suggest that identifying these mechanisms could yield insight into the shifting function of PGE 2 signaling over the development of neurodegenerative disease.
In addition, our results may help clarify the role of NSAIDs, which reduce the production of PGE 2 through inhibition of COX-1 and/or COX-2. Epidemiological evidence indicates that NSAID use is associated with reduced risk of AD in cognitively Model of early and late effects of EP4 signaling in A␤42-associated AD neuroinflammation. A, A␤42 oligomers initiate an inflammatory response in microglia through IRF and NF-B transcriptional pathways, resulting in expression of many proinflammatory genes, including COX-2, cytokines such as TNF-␣, and reactive oxygen species (ROS) generating enzymes such as iNOS. COX-2 is the rate-limiting step in the production of PGE 2 , which can signal through its four EP receptors, EP1-EP4. EP4 receptor signaling suppresses expression of proinflammatory IRF and genes regulated by NF-B and significantly blunts the inflammatory response to A␤ while promoting phagocytosis and amyloid clearance. B, In the absence of EP4 receptor signaling, A␤-driven inflammation proceeds unchecked. Increased COX-2 activity and PGE 2 production though the proinflammatory EP2 and EP3 PGE 2 receptors Shie et al., 2005a; Shi et al., 2012) further amplify the inflammatory gene response leading to a feedforward cycle of persistent and unresolved inflammation.
normal aging populations (in t ' Veld et al., 2001; McGeer and McGeer, 2007; Vlad et al., 2008) ; however, NSAIDs are ineffective once cognitive change begins (Breitner et al., 2011) . In light of recent studies, preventive effects of NSAIDs may be the result, at least in part, of reduced PGE 2 signaling through inflammatory EP2 and EP3 receptors: deletion of either EP2 or EP3 reduces inflammatory damage and amyloid deposition in mouse models of AD Shi et al., 2012) , and microglial EP2 receptor signaling is potently proinflammatory in models of neuroinflammation and neurodegeneration (Johansson et al., 2013) . On the other hand, the harmful effects of NSAIDs in AD may occur in part from reduced PGE 2 signaling through the antiinflammatory EP4 receptor: our results suggest that EP4 signaling attentuates the inflammatory response to A␤ 42 at early stages of APP-PS1 pathology. Together, PGE 2 signaling through its EP receptors suggest that PGE 2 can exert both toxic and beneficial effects in models of AD.
In conclusion, our studies identify EP4 receptor signaling as a potent mechanism through which microglia suppress toxic inflammatory responses to A␤ 42 and potentiate phagocytosis of A␤ 42 using in vitro culture and in vivo conditional knock-out strategies. Moreover, these results identify NF-B, IRF1, and IRF7 as nodal transcription factors in the microglial response to A␤ 42 and demonstrate that they are suppressed by EP4 receptor signaling. These findings support future approaches targeting the EP4 receptor to suppress toxic microglial inflammatory responses in AD and other neurodegenerative diseases.
